Rationale Chronic pain is becoming a more common medical diagnosis and is especially prevalent in older individuals. As such, prescribed use of opioids is on the rise, even though the efficacy for pain management in older individuals is unclear. Objectives Thus, the present preclinical study assessed the effectiveness of chronic fentanyl administration to produce antinociception in aging rats (16, 20, and 24 months). Methods Animals were tested in a thermal sensitivity procedure known to involve neural circuits implicated in chronic pain in humans. Sensitivity to heat and cold thermal stimulation was assessed during 28 days of fentanyl administration (1.0 mg/kg/day), and 28 days of withdrawal. Results Fentanyl resulted in decreased thermal sensitivity to heat but not cold stimulation indicated by more time spent in the hot compartment relative to time spent in the cold or neutral compartments. Unlike previous findings using a hotwater tail withdrawal procedure, tolerance did not develop to the antinociceptive effects of fentanyl over a 28-day period of drug administration. The oldest animals were least sensitive, and the youngest animals most sensitive to the locomotorstimulating effects of fentanyl. The effect on the antinociceptive response to fentanyl in the oldest group of rats was difficult to interpret due to profound changes in the behavior of salinetreated animals.
Introduction
Chronic pain is becoming a more common medical diagnosis, rather than simply considered a symptom, and is especially prevalent in older individuals (Bruckenthal et al. 2009; Colliver et al. 2006; McCarthy et al. 2009; Neville et al. 2008; Rustøen et al. 2005; Walid and Zaytseva 2009) . Unfortunately, for many pain conditions, including lower back pain (Akkaya and Ozkan 2009; Chenot et al. 2007) , chronic post-surgical pain (Apkarian et al. 2009 ), neuropathic pain (Cavenagh et al. 2006; Colombo et al. 2006; Jensen et al. 2009 ), and chronic pelvic pain (Dalpiaz et al. 2008) , there is a lack of effective treatments, although the use of opioids for treating these conditions is increasing (Atluri et al. 2003; Bell et al. 2009; Benyamin et al. 2008; Birxner et al. 2006; Garcia del Pozo et al. 2008; Pergolizzi et al. 2008; Stein 2013; Trescot et al. 2008) . With the number of people in the USA over the age of 65 expected to more than double by 2050 (Kalapatapu and Sullivan 2010) , it is expected that an increased number of aged individuals will be more frequently prescribed opioids for longer periods of time.
The influence of age on various effects of opioids (e.g., pain relief, sedation, development of tolerance, and dependence) has not been fully elucidated (see below). In humans, opioids are generally thought to provide a greater analgesic effect to older patients primarily because of changes in the pharmacokinetics of opioids in older individuals (Lugo and Kern 2002; Scott and Stanski 1987; Wilder-Smith 2005) . However, despite numerous preclinical studies (for review, see Gagliese and Melzack 2000) , the effects of aging on opioid function are conflicting such that some studies show decreased (Chan and Lai 1982; Crisp et al. 1994; Hoskins et al. 1986; Kramer and Bodnar 1986; Raut and Ratka 2009; Webster et al. 1976) , increased (Islam et al. 1993; Smith and Gray 2001) , or no change in opioid effects in older animals (Smith and Gray 2001; Van Crugten et al. 1997) .
Most preclinical studies examining the effects of opioids on nociceptive processing use high-intensity, short-duration thermal stimulation which tend to activate nociceptive Aδ-fibers (Millan 1999) . We and others have used a thermal sensitivity procedure that is believed to selectively activate C-fibers as opposed to Aδ-fibers, as these nociceptive C-fibers are more likely associated with chronic pain in humans (Raja et al. 1988; Schmelz 2009; Staud et al. 2008) . Using these procedures, we have shown that older rats are more sensitive to cold temperatures than younger rats (Morgan et al. 2008 (Morgan et al. , 2012 Yezierski et al. 2010) , and that inflammatory pain induced by a formalin injection amplifies these differences (Yezierski et al. 2010) . We have also demonstrated that acute administration of morphine is less effective in altering thermal sensitivity (in particular heat stimulation) in older rats (Morgan et al. 2012) .
To extend these findings, this study investigated the influence of age on the antinociceptive effectiveness of chronic fentanyl administration. Fentanyl was selected due to its increased use in chronic pain conditions (Bell et al. 2009; Pergolizzi et al. 2008; Bhambhani et al. 2010; Manchikanti and Singh 2008) due in part to the development of delivery systems (e.g., transdermal patch) which makes fentanyl easy to administer in an outpatient setting (Grape et al. 2010) . Furthermore, previous studies have shown that the fentanyl administration protocol used in this study (1.0 mg/kg/day for 28 days) produces age-related differences in antinociception assessed using a reflexive, hot-water tail withdrawal procedure, and secondary effects (e.g., body weight loss and body composition) in rats across a wide age range (Morgan et al. 2008; Mitzelfelt et al. 2011) . In this and previous studies from our lab, Fischer 344 x Brown Norway rats (F344xBN) were used, as there are a number of conceptual similarities between age-related changes observed in this strain and what is observed in humans, including changes in body composition, and behavioral, cognitive, and physical functioning (e.g., Carter et al. 2002 Carter et al. , 2004 Carter et al. , 2009 Mitzelfelt et al. 2011; Morgan et al. 2008 Morgan et al. , 2012 . For this study, an age range (16, 20, and 24 months) was selected which spans the 80 % to 50 % survival rate for this strain of rats, which has a maximal lifespan of~38 months (Turturro et al. 1999; Carter et al. 2002) , a time range functionally analogous to humans aged~65 to 80 years old (Turturro et al. 1999; Carter et al. 2002) . Previous studies assessing age differences in thermal sensitivity demonstrated the greatest difference in sensitivity between 16 and 24 months of age (Morgan et al. 2012; Yezierski et al. 2010 ).
Materials and methods

Animals
Male Fischer 344 x Brown Norway rats (F344xBN) (n=27), obtained from the National Institute of Aging colony at Harlan Industries (Indianapolis, IN, USA), at three ages (16, 20, and 24 months of age at time of pump implant; n=10, 8, and 10, respectively) were used. All animals were individually housed in a climate (temperature and humidity) controlled colony with a 12-h light/dark cycle with food and water available ad libitum. Animals were cared for in accordance with the regulations of the Institutional Animal Care and Use Committee and in accordance with the "Guide" (ILAR 1996) . In addition, animals were assessed on a weekly basis for signs of overt health problems by using a standardized form; measures included, but were not limited to, checking for sudden decline in body weight, redness around the eyes and nostrils, ruffled coat, open sores on the tail, and hunched posture. Two animals were removed from the study because of these overt health problems, and their data were excluded from all analyses.
Surgery and drug delivery
Osmotic minipumps (Alzet, Durect Corp., Cupertino, CA, USA) filled with either fentanyl or saline (n=5 in each 16-and 24-month-old group; n=4 in each 20-month-old group) were implanted subcutaneously in the hindquarter under isoflurane anesthesia (~1.5 % at 1.0 L/min O 2 ). Minipumps delivered fluid at a rate of 2.58 μl/h for 28 days. Fentanyl was delivered at a dose of 1 mg/kg/day. Four weeks after pump implantation, animals were lightly anesthetized, and the pumps were removed. Fentanyl was generously supplied by the National Institute on Drug Abuse (Research Triangle Park, Durham, NC, USA).
Thermal sensitivity
Apparatus The thermal sensitivity chambers (see Fig. 1 ) were custom-made, and a description of the individual components follows: two aluminum plates (29.2×17.8 cm; Smalls Design and Manufacturing, Portland, TN, USA) that contain channels throughout were connected to an input and output valve. These valves were connected to recirculating water baths (Model RTE-7; Thermo Scientific) which maintained water at particular temperatures ranging from −25°C to 150°C via insulated Tygon® tubing. The plates were surrounded by a Plexiglas chamber with two compartments separated by a removable partition with a cutout (8.9×8.9 cm) allowing the animal to traverse between the two compartments freely (Magnum Wood LLC, Gainesville, FL, USA). Each chamber was opaque, 43.2 cm tall, and had no cover, allowing an overhead camera and Ethovision 7 (Noldus Information Technology, Wageningen, Netherlands) to record behavior.
Procedure Upon arrival in the colony, the animals were given 2 weeks to acclimate to the housing facility before thermal sensitivity testing began. Animals were then given 10 days of acclimation to the testing apparatus where the thermal plates were set to different temperatures ranging from 20°C to 36°C. Throughout all phases of testing, animals were nonsystematically assigned to start on the "hot" or "cold" plate; the start side was counterbalanced within each group, and no animal could start on the same side more than 2 days in a row to prevent the development of a side bias. After this training, sensitivity to various temperatures was determined by setting one plate to 27.5°C (neutral) and the other plate to a temperature ranging from 10°C to 45°C in 3°C increments. Temperatures for each day were non-systematically determined, with each temperature condition tested once, and a temperature warmer or cooler than 27.5°C could not be tested more than 2 days in a row to prevent development of side biases.
After this initial sensitivity testing, animals were tested under three conditions: "cold/neutral" (16°C and 27.5°C), "hot/neutral" (45°C and 27.5°C), and "hot/cold" (45°C and 16°C). These conditions allowed for the independent testing of sensitivity to heat, sensitivity to cold, as well as preference/ aversion for heat or cold. Animals were tested 6 days a week, with each condition tested twice a week, resulting in a total of eight sessions of each comparison during the 4-week drug administration and withdrawal periods. Sessions were 15 min in duration and were conducted at the same time each day (the middle of their light cycle) to eliminate alterations in sensitivity due to photoperiod (e.g., . Data from animals that never changed compartments, i.e., remained in the starting compartment, were excluded from the analysis for that particular session (~3-4 % of trials throughout the experiment).
Animals within each age group were then randomized to receive osmotic minipumps containing either saline (n=14) or fentanyl (n=13). Animals were given 24 h to recover then thermal sensitivity testing resumed. Animals were tested under the same three conditions (hot/cold, hot/neutral, and cold/ neutral) during 4 weeks of drug administration (to assess the potential development of tolerance or hyperalgesia) and during 4 weeks of withdrawal.
Locomotor activity
Activity levels were measured to assess potential sedative effects which could influence the thermal sensitivity measurements, and represent a potential detrimental side effect of fentanyl administration. The average distance traveled per session was calculated, and the group means for each week are presented as a percent of baseline.
Data analysis and statistics
For body weight data collected during and after chronic drug administration, separate two-way ANOVAs were performed for each age group with test session and drug as the main factors. A subsequent two-way, repeated measures ANOVA was performed with age and test session as factors.
The relative side preference was calculated by taking the time (in seconds) spent on the hotter side during the trial, and subtracting 450 (50 % of trial time in seconds). This number was then divided by 450, and multiplied by 100. Using this calculation, animals that spent equal time on each plate had a relative preference of zero, whereas preference for the hotter plate is above the zero line, and preference for the colder plate falls below the zero line. For the initial thermal sensitivity, a two-way, repeatedmeasures ANOVA, with age and temperature setting as the factors was performed, as well as one-way ANOVAs across ages for each temperature setting. For thermal sensitivity data collected during and after drug administration, data were separated by temperature comparison. Separate two-way ANOVA with repeated measures were performed for each age with drug administered and test session as main factors. A separate two-way ANOVA with repeated measures was performed on the fentanyl-treated animals with age and test session as factors. Locomotor data were analyzed separately for the drug administration and withdrawal phases of testing.
Differences were considered statistically significant with a p value of less than 0.05. Student-Newman-Keuls post-hoc tests were performed when appropriate. For clarity, if there was a significant interaction, no main effects are reported, and when main effects are reported, there was no significant interaction. All statistical testing was performed using SigmaStat version 3.11 (Systat Software, Inc., San Jose, CA, USA).
Results
Baseline sensitivity to thermal stimulation
Temperatures ranging from 10°C to 25°C (cooler than neutral) and 30°C to 45°C (hotter than neutral) were compared to a neutral temperature (27.5°C) to assess initial sensitivity to thermal stimulation (Fig. 2, left panel) . There was a main effect of temperature (cooler than neutral: F 5,117 =7.78, p<0.001; hotter than neutral: F 5,116 =7.88, p<0.001), such that all animals, regardless of age, demonstrated an aversion (i.e., decreased time on that plate) towards more extreme temperatures. There were no differences between ages; 16°C and 45°C were deemed equally aversive and were selected as the temperatures for the "cold" and "hot" plates during all subsequent thermal sensitivity testing.
Baseline sensitivity to testing conditions
We then tested animals across these temperature comparisons: "cold/neutral" (16°C and 27.5°C), "hot/neutral" (45°C and 27.5°C), and "hot/cold" (45°C and 16°C). The relative preference for each temperature comparison across ages is shown in Fig. 2 (center panel) . In the cold/neutral comparison and hot/neutral comparison, all animals showed a strong preference for the neutral plate. However, during the hot/cold comparison, there was no preference for a particular side for all ages. There was a main effect of temperature comparison (F 2,46 =127.62, p<0.001), but there were no significant differences across ages during this assessment. Thus, the baseline against which the effects of chronic fentanyl administration were assessed did not differ across ages.
Baseline locomotor activity
Horizontal locomotion was assessed during the various temperature comparisons to provide a baseline level of activity (Fig. 2, right panel) . Activity levels were significantly different for each comparison, with the greatest levels of locomotor activity occurring during the hot/cold sessions, and the least amount of activity during the cold/neutral sessions (main effect of temperature: F 2,48 =40.76, p<0.001). The 24-month-old animals also showed significantly greater locomotor activity than the other two age groups (main effect of age: F 2,24 =4.37, p=0.024). One-way ANOVAs showed there were significant differences between ages for the cold/ neutral (F 2,24 =4.28, p=0.026) and hot/neutral comparisons (F 2,24 =4.60, p=0.020). Post-hoc analysis showed that 24-month-old animals had significantly greater levels of activity than 16-month-old animals during the cold/neutral comparison, .05 compared to 16-month-old animals and greater activity than both 16-and 20-month-old animals during the hot/neutral comparison (Fig. 2) . Overall, these data demonstrate that older animals have increased locomotor activity when presented with choice situations including extreme thermal stimulation.
Effects of chronic fentanyl administration and withdrawal
Cold/neutral thermal sensitivity The average time spent on the cold plate for each age across 4 weeks of chronic administration and 4 weeks of withdrawal is shown in Fig. 3 . Overall, chronic fentanyl administration showed little effect on sensitivity to cold. All three ages showed greater time spent on the cold plate during the first session after the start of drug administration; however, this effect was not maintained through the rest of drug administration. Statistical analysis showed a main effect of session for the 20-month-old animals (F 16,85 =2.48, p=0.004). Post-hoc analysis showed that animals spent greater time on the cold plate during first drug session than the fourth drug session, and all withdrawal sessions with the exception of the first withdrawal session (Fig. 3 , center panel). There was a significant interaction between drug and session for the 24-month-old animals (F 16,103 =2.34, p=0.005), with fentanyl-treated animals spending more time on the cold plate than saline-treated animals during the first, sixth, and eighth drug session, as well as the first withdrawal session (Fig. 3, right panel) . Generally, chronic fentanyl administration had little effect, at any age, on sensitivity to cold thermal stimulation.
Hot/neutral thermal sensitivity Fentanyl administration increased the amount of time spent on the hot plate during hot/ neutral sessions (Fig. 4) . Throughout drug administration, fentanyl-treated animals spent more time on the hot plate than on the neutral plate, a reversal from behavior during baseline assessment. However, this change in preference did not extend through the withdrawal period. Interestingly, 24-month-old saline-treated animals also showed increased time spent on the hot plate, although this increase was not as great or as consistent as the fentanyl-treated animals.
Within each age, there was significant drug×session interaction (16-month: F 16,127 =6.11, p<0.001; 20-month: F 16,89 =2.36, p=0.006; 24-month: F 16,110 =2.02, p=0.018). Fentanyl-treated animals spent significantly more time on the hot plate than saline-treated animals during drug sessions 2 through 8 for both 16-and 20-month-old animals, and this increase persisted through the first withdrawal session for the 16-month-old animals. Fentanyl-treated animals spent more time on the hot plate than saline animals, but only during drug sessions 4 and 8 for the 24-month-old animals. Overall, fentanyl administration decreased sensitivity to hot thermal stimulation in all age groups.
Hot/cold thermal sensitivity Fentanyl administration increased the time spent on the hot plate during hot/cold tests for all ages (Fig. 5) , although 24-month-old, saline-treated animals also showed increased preference for the hot plate during these sessions. For 16-month-old animals, there was a significant drug×session interaction (F 16,127 =1.84, p=0.033), with fentanyl animals spending more time on the hot plate during all drug sessions except session 2, and withdrawal sessions 2, 6, 7, and 8 (Fig. 5, left panel) . Twentymonth-old animals showed main effects for both drug and session (drug: F 1,6 =14.41, p=0.009; session: F 16,95 =2.30, p=0.007), with fentanyl-treated animals spending a greater amount of time on the hot plate compared to saline-treated animals (Fig. 5, center panel) . There was a main effect of session for the 24-month-old animals (F 16,106 =3.50, p<0.001), with animals spending a greater amount of time on the hot plate during drug sessions 3 through 8 and withdrawal sessions 1, 3, 5, 6, and 7, when compared to baseline (Fig. 5, right panel) . Consistent with the above findings, fentanyl administration decreased sensitivity to hot thermal stimulation in all age groups. These cold/neutral sessions were conducted two times per week over 4 weeks (i.e., eight sessions) during (Drug) and following (Withdrawal) drug administration. *p<0.05 compared to saline-treated animals Locomotor activity
Locomotor activity for each age, treatment condition, and phase of the experiment (drug treatment or withdrawal) is shown in Fig. 6 . In general, fentanyl administration increased locomotor activity during drug administration (F 1,93 =72.82, p<0.001), which decreased during drug withdrawal. There was a significant drug×week interaction (F 3,93 =5.80, p=0.001) during chronic drug treatment with fentanyl-treated animals showing significantly increased locomotor activity during drug administration weeks 2, 3, and 4 compared to week 1 (and week 4 was increased relative to week 2). Overall, activity in the 16-monthold animals was higher than the 24-month-old animals (F 2,93 =4.46, p=0.014). During the 4-week withdrawal period, fentanyl-treated animals demonstrated higher levels of locomotion compared to saline-treated controls (F 1,84 =40.99; p<0.001), although the magnitude of this increase was clearly less than observed during fentanyl administration. In summary, locomotor activity was increased during fentanyl administration, thereby showing that there were no sedative effects of fentanyl, and the oldest age group of animals was somewhat less sensitive to this effect of fentanyl.
Body weight
Changes in body weight due to drug administration and withdrawal are shown in Table 1 . In general, fentanyl administration resulted in a loss of body weight by the fourth week of drug administration (data are averages from the last day of the experimental phase), which recovered during withdrawal. For all three ages, there was a significant drug×test phase interaction (16-month: F 2,16 =8.82, p=0.003; 20-month: F 2,12 =15.42, p<0.001; 24-month: F 2,14 =18.08, p<0.001), suggesting no change in saline-treated animals, with decreases in the fentanyl-treated animals which recovered during the withdrawal period. Additional post-hoc analyses showed there was a significant difference between saline and fentanyl-treated animals for both the 20-and 24-month-old animals at the end of drug administration, but only for the 24-month-old animals at the end of the withdrawal period.
Discussion
A potential medical crisis is approaching with increases in the age of the population (Colliver et al. 2006; Kalapatapu and Sullivan 2010) , the rates of chronic pain (Bruckenthal et al. 2009; Colliver et al. 2006; McCarthy et al. 2009; Neville et al. 2008; Rustøen et al. 2005; Walid and Zaytseva 2009) , and the use of opioids to treat chronic pain (Caudill-Slosberg et al. 2004; Ghodse 2003; Kalso et al. 2003; Rowbotham et al. 2003) resulting in greater numbers of aged individuals taking opioids for longer periods of time. Unfortunately, how older individuals respond to chronic opioid administration compared Time spent on hot plate (45°C) is shown. These hot/cold sessions were conducted two times per week over 4 weeks (i.e., eight sessions) during (Drug) and following (Withdrawal) drug administration. *p<0.05 compared to saline-treated animals with younger individuals has not been extensively studied. The purpose of these experiments was to assess the relationship between age and the sensitivity to the antinociceptive effects of chronic fentanyl administration using an operant-based thermal sensitivity procedure.
Baseline differences
At baseline, there were no differences in sensitivity to the various temperatures across ages. Although age differences in sensitivity to thermal stimulation have been reported by us (e.g., Yezierski et al. 2010 ) and others (e.g., Scarpace 1997), lack of differences in the present study may be due to the relatively small age range examined.
Body weight
During fentanyl administration, animals of all ages lost weight, and this effect increased with age, with older animals losing weight more quickly, and losing a greater percent of their body weight during drug administration. These results were not unexpected, as chronic opioid agonist administration has previously been shown to decrease body weight (Binsack et al. 2006; Levine et al. 1998; Li et al. 2010; Mitzelfelt et al. 2011) , and suggest that fentanyl has a greater effect on older individuals than younger individuals, which is a concern in a clinical setting.
Locomotor activity
At baseline, activity levels were highest in hot/cold temperature comparison, and across comparisons, the oldest animals had higher levels of activity potentially indicating a greater sensitivity to thermal stimulation. One of the most common side effects of opioid administration is sedation (Manchikanti and Singh 2008) ; therefore, the locomotor activity of animals during drug administration was recorded. After 1 week of fentanyl administration, locomotor activity increased for all fentanyltreated animals. These results suggest that sedation may not be a major concern with chronic fentanyl administration, and similar results have been observed in clinical setting with human patients (Agarwal et al. 2007 ). Interestingly, activity levels continued to increase throughout the drug treatment period, and these increases in activity were lowest in the oldest animals (although by week 4, activity levels were similar across ages), suggesting that opioids have a diminished effect with increasing age. Importantly, we have shown that under conditions of calorie restriction, animals increase their physical activity (Carter et al. 2009 ). Therefore, one explanation for increased locomotor activity in the fentanyl-treated groups may be a result of decreased body weight, which is directly tied to decreased food intake (i.e., caloric restriction). However, the oldest animals actually experienced greater loss of body weight but experienced less of an increase in physical activity, suggesting that the change in locomotor activity may be a direct effect of fentanyl administration rather than loss of body weight/food intake per se (Carter et al. 2009; Mitzelfelt et al. 2011 ).
Thermal sensitivity
Overall, chronic fentanyl administration had a greater effect on sensitivity to heat as opposed to cold. Animals showed an increase in time spent on the cold plate initially, but quickly became tolerant to these effects (i.e., within 1 week). Interestingly, animals still displayed increased locomotor activity during cold/neutral trials, even though their thermal sensitivity did not change. This suggests that the opioid-dependent changes in locomotor activity and thermal sensitivity are dissociable and likely mediated through different neurobiological systems. Chronic fentanyl administration did alter tolerance for heat, as all animals increased their time on the hot plate during fentanyl administration. The most striking finding was that chronic saline administration produced exactly the same effect (decreased sensitivity to heat stimulation) in the oldest animals. For this reason, assessment of the effects of fentanyl were difficult to obtain (i.e., there were near maximal effects of saline administration), and makes the change in thermal sensitivity in the oldest animals difficult to interpret. In the fentanyl-treated groups, all ages showed similar levels of antinociception assessed by a decreased sensitivity to heat.
The overall results with fentanyl are similar to previous studies in our lab (Morgan et al. 2012 ) assessing the effects of acute morphine on thermal sensitivity across ages. Both studies demonstrated that opioid administration, either acutely or chronically, decreased aversion to hot temperatures, yet had little effect on cold sensitivity. Of particular interest is that the antinociceptive effects of fentanyl against heat were maintained throughout 4 weeks of drug administration, suggesting that changes in heat sensitivity are resistant to the development of opioid tolerance. These findings are in stark contrast to previous studies that assessed the effects of chronic fentanyl administration on reflexive tail withdrawal from hot water (Morgan et al. 2008) . In fact, that particular study demonstrated a rapid development of tolerance to the antinociceptive effects of fentanyl during chronic administration using similar experimental parameters (e.g., various ages, same sex, and rat strain, similar drug administration protocols). Together, these data highlight the suggestion that there are distinct physiological systems mediating nociception assessed using these two behavioral procedures (i.e., thermal sensitivity vs. hot-water tail withdrawal), and add to a growing literature demonstrating qualitative differences in findings assessed using operant and reflexive procedures (Kwilasz and Negus 2012; Martin et al. 2004; Neubert et al. 2007; Stevenson et al. 2009; Yeomans et al. 1996) . Importantly, it has been argued that findings using operant procedures are more clinically relevant and predictive of the human condition (Morgan et al. 2008; Negus et al. 2006; Vierck et al. 2008a, b) . Furthermore, as in the human clinical situation, the development of tolerance is not a necessary outcome of chronic opioid treatment suggesting that there may be situations in which long-term opioid use for chronic pain conditions is appropriate.
Implications and future directions
Older individuals are being prescribed opioids in greater numbers to alleviate pain, and taking them for longer periods of time. However, how increased age affects the antinociceptive properties of opioids is not fully understood. The results of this study suggest that opioid efficacy decreases with advancing age, at least in respects to antinociception. It should be noted however that the age range for this study was limited, and even the youngest age tested could be considered an aged rat. This was done to assess animals across the range of middle-aged to pre-senescent, similar to the current age range of the "baby boomer" generation. However, to understand the relationship between aging and opioids, greater age ranges will need to be tested. This study measured changes in thermal sensitivity in males. It is important to extend these studies to females as well for two reasons. One, females generally live longer than males, and therefore will make up a greater portion of the aged population. Second, some chronic pain conditions are more common in females (McCarthy et al. 2009 ), and therefore, animal studies should be conducted in females in order to better model the conditions that are observed in clinical settings. Previous studies using the thermal sensitivity procedure have shown sex differences (Vierck et al. 2008a, b) , and these differences between males and females need to be assessed following acute and chronic opioid administration as well.
This study used an operant-based procedure for pain assessment in animals. While this procedure is increasing in use (e.g., Marcinkiewcz et al. 2009; Morgan et al. 2012; Vierck et al. 2008a, b; Yezierski et al. 2010) , it is important to note that opioid effects with this procedure have not been fully characterized, regardless of sex or age. Therefore, it is important to continue to test a range of doses of fentanyl with this procedure, but also the effects of other opioid and non-opioid analgesic drugs need to be characterized. Two important drugs to consider are duloxetine and pregabalin, non-opioid drugs that are commonly prescribed for the treatment of chronic pain. With the thermal sensitivity procedure designed to selectively recruit primary afferents (i.e., C-fibers as opposed to Aδ-fibers) involved in chronic pain, it is important to assess the effects of drugs commonly used in the treatment of chronic pain and to potentially assist in the development of novel medications.
